ABSTRACT: Poly(L-lactic acid) (PLLA) was immersed in a simulated body fluid (SBF) solution at 37.58C for distinct times. The variation of the surface mechanical properties of PLLA samples with immersion time was followed by microhardness. These measurements showed that PLLA microhardness decreased significantly ($ 60%) after only 30 days of immersion. The results were explained in terms of hydrolytic degradation of the samples. The dependence of microhardness with the applied dwell time was also analyzed. The creep curves were successfully described by a power law. A decrease of the creep constant k as the immersion time increased was found. Differential scanning calorimetry was also used to analyze the changes in the physical properties of PLLA, namely in crystallinity degree (X c ) and glass transition temperature (T g ), as a function of the immersion time in SBF. A significant variation in the crystallinity degree of PLLA, initially nearly amorphous (X c 5 9%), was detected after only 3 days of immersion (X c 5 37%). The interpretation of this behavior was based on the hydrolysis process suffered by PLLA.
INTRODUCTION
Poly(L-lactic acid) (PLLA) has been widely studied for use in biomedical applications due to its biocompatibility and bioresorbability. These biomedical applications include sutures, scaffolds for tissue engineering, orthopaedic devices, or drug delivery systems. [1] [2] [3] [4] [5] [6] Moreover, when implanted in the human body, PLLA degrades, primarily by hydrolysis. 7 The hydrolytic degradation of PLLA during implantation is followed by a change of the physical properties of the material. This is particularly important for orthopaedic implants, where a compromise between mechanical performance and degradation behavior must exist and the continuous decrease of the mechanical properties should be compensated by the remodeling of bone. Also, ideally the products of degradation should be readily absorbed under normal metabolic conditions. The degradation process ultimately ends with the total resorption of the polymer. 8 Microhardness is a simple but informative technique that has been used to determine changes in morphology and microstructure of polymers, 9, 10 variations with molecular orientation 11 or, in polymer blends/composites, with composition. 12, 13 It also gives information about several bulk properties such as yield stress or elastic modulus. 14 Several microhardness studies related to high crystallinity degree polymers 15, 16 can be found in literature, but regarding polymers with low crystallinity degree, such as PLLA, the literature is more scarce 9, 17, 18 and focuses specially on poly(ethylene terephthalate).
In a biomedical point of view, microhardness measurements have been often used to probe changes in the mechanical behavior of bone and biomaterials. [19] [20] [21] Moreover, biomaterials interact with their environment at the cellular level and it is the surface of the material that directly interacts with proteins and cells. [22] [23] [24] Consequently, the surface mechanical properties of an implant are very important on determining cell responses 22, 23 and the implant behavior will deeply depend on these properties. 24 Microhardness tests can provide a possible way to determine the actual hardness of the surface layer, which is difficult to measure by traditional techniques, such as tensile or flexural tests. Also, this kind of experiments only measures the mechanical properties of the bulk and cannot detect local variations in these properties as microhardness can.
The aim of the present work is to make an in vitro analysis of the variation of the surface mechanical properties of PLLA immersed in a simulated body fluid (SBF) solution at 37.58C for distinct times, by microhardness. When PLLA is kept at the aforementioned conditions we are roughly simulating the degradation conditions in the human body. Some microhardness data of PLLA can be found in literature, 5, 25, 26 but these studies only measure the microhardness of nondegraded samples.
It has been reported that the hydrolytic degradation also affects the crystallinity of PLLA-based systems. 27 In this work differential scanning calorimetry (DSC) is used to analyze and evaluate the changes in the physical properties of PLLA, namely in the degree of crystallinity and glass transition temperature, as a function of the immersion time in SBF, thus complementing microhardness results. It should be mentioned that recently a nanoindentation/degradation study on PLA-based systems was made, 28 but the relationship between crystallinity and surface mechanical properties was not explored.
EXPERIMENTAL
The PLLA used in this work was PLA4040 from Cargill-Dow, with 94% L-lactide. The molecular weight evaluated from GPC was M n 5 69,000, being M w /M n 5 1.72.
PLLA plates were prepared by compression molding using the following procedure: PLA granules were placed between two metallic discs with a diameter of 30 mm and heated until a temperature higher than its melting temperature was reached, in this case 1808C. Then, a constant compression load was applied during 4 min. After the previous step the samples were rapidly cooled using cold water, and therefore, the plates were obtained as nearly amorphous materials (the crystallinity degree (X c ) measured by DSC was $ 9%).
After cooling, the samples were kept at 758C for 5 min to erase the thermal history and then were immersed for different periods of time (0, 1, 3, 5, 10, 16, 20, 25, and 30 days) at 37.58C in a SBF solution. This fluid has ion concentrations nearly equal to those of human blood plasma and it has been used to probe the ability of a material to induce the formation of an apatite coating. 29 Three samples, with dimensions of $ 3 mm 3 10 mm 3 10 mm, were used for each time point. Surface mechanical properties of PLLA samples before and after its immersion in a SBF solution were studied by microhardness.
A Leica VMHT30 equipment was used to measure the microhardness of the samples at room temperature ($ 208C), using a Vickers diamond pyramid indenter (included angle a 5 1368). The microhardness, H, was calculated from the residual projected diagonal impression using H 5 1.854 A Perkin-Elmer DSC7 differential scanning calorimeter with a controlled cooling accessory was used to perform DSC experiments on the PLLA samples analyzed by microhardness. Two consecutive scans at 108C/min from 30 to 1908C were performed on each PLLA sample (with a typical weight of $ 10 mg) previously immersed in SBF for the different periods mentioned earlier. Between the first and the second scans all the samples were cooled from 190 to 308C at the same rate (408C/ min). The temperature of the equipment was previously calibrated with Indium and Lead standards and only the same Indium sample was used for the heat flow calibration. The calibrations were performed during heating at 108C/min.
RESULTS AND DISCUSSION

Microhardness results
In this study, different microhardness tests were performed with PLLA to evaluate the changes when the polymer degrades by being immersed in an aqueous medium for distinct periods of time. In these measurements, presented in Figure 1 , different dwell times and forces were used.
When the dwell time is fixed, it can be seen that the measured hardness is load dependent, for all the dwell times. This is valid for both nonimmersed and immersed samples. When the load is fixed, H typically decreases with increasing dwell time, 14 as seen in Figure 1 for the PLLA samples due to the creep effect shown by polymeric materials, 14 i.e., to the time-dependent strain response to a constant applied force. The creep behavior in polymers has been widely described by a power law. 30 The creep strain is considered to consist of three independent components: an elastic strain, a recoverable strain, and a nonrecoverable plastic strain. A power law can predict the continuous decrease of the strain rate observed in conventional creep experiments 30 and it has also been assumed that this kind of model could predict the creep effect when it is evaluated through microhardness experiments.
14 In fact, the creep curves of Figure 1 were successfully described by the following power law:
where H 0 is a coefficient that, for a given morphology, depends on temperature and loading stress, k gives a measure of the creep rate of the material, and t is the dwell time.
The creep constant k was calculated from the previous data, using a conventional nonlinear least square curve fitting algorithm. Figure 2 shows the dependence of k with immersion time for the force of 49.03 mN. It can be observed how k tends to decrease as the immersion time increases. In this case, the creep rate decreases about 67% for an immersion period of 30 days. The same behavior was found for the other applied forces (not shown).
When PLLA has not been immersed in SBF, H varies between 500 and 200 MPa (dwell time 5 10 s), which are typical values for polyesters.
14 Also, a previous work 25 showed that the microhardness of the same PLLA samples studied in this work, but nonimmersed, may increase more than 55% after 15 days at body temperature, due to physical ageing. For this specific PLLA microhardness changed from 130 to 210 MPa. However, when microhardness is represented as a function of immersion time (Fig. 3) it can be observed that it decreases as the immersion time increases. This behavior is again more evident for the intermediate load. In this case H may decrease as much as $ 60% after being immersed 30 days. The same tendency was found for the other forces (not shown). So, the significant decrease in microhardness found when PLLA is immersed cannot be attributed to physical ageing, otherwise we would observe an opposite variation, as already explained in Ref. 25 . Moreover, these results provide evidences for a significant variation of the mechanical behavior after immersion, which could affect the performance of an implanted PLLAbased biomaterial.
The considerable decrease of the surface hardness with increasing immersion time can be explained by PLLA degradation. It is well known that PLLA degrades primarily by hydrolysis, and that the degradation occurs in two stages. 31 First, a random nonenzymatic chain scission of the ester groups occurs. Second, low molecular weight PLLA can diffuse out of the bulk polymer and the molecular weight is reduced in in vivo conditions until the lactic acid and low molecular weight oligomers are naturally metabolized by microorganisms to yield carbon dioxide and water. 31 It is not straightforward to compare our results with other PLLA results from literature because the samples have different molecular weights, crystallinities, general morphology, or sizes. However, the general conclusion in literature is that only small changes are seen in strength and modulus for periods up to 12 weeks in vitro, 32, 33 as the techniques employed only measure the properties of the bulk. The microhardness technique used in this work allows to measure the variations in the surface mechanical properties of PLLA and, therefore, these changes can be detected much earlier because the hydrolysis process generally starts at the sample surface. 5, 31, 34 Recently, a nanoindentation/degradation study on PLA-based systems also allowed detecting variations in mechanical properties earlier (after 4 weeks) than traditional tests. 28 However, in the referred study, no measurements of crystallinity were performed and related to the variations of surface mechanical properties as in our work (see next section). It should be mentioned that although it is generally accepted that the beginning of degradation occurs principally at the surface because of the absorption gradient of water, the evolution of this process has been explained either via a bulk erosion mechanism, starting at the surface and then gradually proceeding towards the inner side, 5, 31, 35 or as a heterogeneous process, 34 being more rapid in the center than at the surface as the concentration of carbonyl groups increases in the center, because these act as catalysts for the process, i.e., the oligomers trapped in the core have a catalytic effect on degradation. 34 Typically, PLLA undergoes a considerable weight loss only after being immersed for several months. 31, 36, 37 However, it is also known that the hydrolytic degradation rate of PLLA is mainly affected by molecular weight, crystallinity, morphology and type of chain orientation, particle size and shape of the implanted device, and residual lactic acid concentration. 31 For instance, some authors report a slower degradation of PLLA as molecular weight increases 35, 38 or when the crystallinity degree of PLLA decreases. 27, 31 In the aforementioned works 31,36,37 the studied PLLAs have higher molecular weights and high crystallinity degrees than the PLLA used in this work, which has a low molecular weight and it is a nearly amorphous material before immersion, and so it is expected a higher degradation rate than in the referred studies.
DSC results
DSC scans were conducted on PLLA samples as a function of immersion time to evaluate the corresponding changes in the glass transition and crystallinity (Fig. 4) . The first scan of the nonimmersed sample exhibited a glass transition temperature T g at % 598C and a well-pronounced cold crystallization peak. This indicates that initially this sample should have a low amount of crystallinity. After 3 days of immersion the cold crystallization peak is absent and the glass transition temperature is less pronounced. The X c and T g values calculated from the results of Figure 4 (first scan) are presented in Figure 5 . X c can be estimated from DSC using the following equation:
where DH m is the measured enthalpy of fusion, DH 0 m is the enthalpy of fusion of the completely crystalline material (93.7 J/g for PLLA 39 ), and DH c is the enthalpy of cold crystallization observed during the run. Figure 5 shows that after 3 days of immersion there is a significant increase in X c ($ 37%), which was just $ 9% before immersion. From 3 to 5 days, X c suffers a slight increase (X c $ 40%). Changing the time from 5 to 30 days did not affect X c significantly, i.e., after 5 days the sample reaches almost its maximum crystallinity.
Several works showed that PLLA crystallinity increases as a result of hydrolytic degradation 27, 35, 38, [40] [41] [42] -this is the so-called ''degradationinduced crystallization.'' 37, 38, [40] [41] [42] [43] Also, the higher the initial or the increased crystallinities in the degradation process become, the more the degradation rate accompanied by the hydrolysis of PLLA would be suppressed. This happens because the amorphous phase would be hydrolyzed before the crystalline one. 27, 35, 38, [40] [41] [42] So, a PLLA with initial higher crystal- Figure 4 Temperature dependence of the normalized heat flow measured in heating DSC scans at 108C/min, after PLLA being immersed during distinct times (indicated in the graphics). All the samples were subjected to two consecutive scans. Between the first and the second scans all the samples were cooled from190 to 308C at 408C/min. linity would have lower degradation and crystallization rates. Our results are in agreement with the previously reported works, 27, 35, 38, [40] [41] [42] i.e., as the sample has initially a very low crystallinity degree the crystallization rate is high and, in this case, in a short immersion period occurs a change in the crystallinity degree from 9 to 37%. Such a dramatic increase may seem unexpected. However, other examples of significant increase in PLLA crystallinity for short periods of in vitro degradation can be found in literature, which support our results. 38, 41, 42 The degradation-induced crystallization 37, 38, [40] [41] [42] [43] has been mainly explained in terms of a rearrangement of the shorter chains generated by the degradation process itself, along with the consequent formation of new crystals, although some believe that the degradation of the amorphous part of the polymer merely results in a larger percentage of crystalline phase being left. We think that the first interpretation presented earlier explains the behavior on the early stages of degradation, i.e., the amorphous regions crystallize. It is not probable that a significant amount of water-soluble oligomers formed by the hydrolysis of the amorphous regions has been released from the PLLA sample into the surrounding medium only after 3 days of immersion, to originate such a high increase in X c as the second interpretation implies. As You et al. suggested, the tie chains in the amorphous regions could degrade into fragments and this results in a lesser degree of entanglements by the long-chain molecules in the amorphous regions that may, therefore, form new crystalline regions. 42 The T g of PLLA also increases $ 3.58C after an immersion time of 5 days and then tends to stabilize. This variation is directly related to the corresponding variation of X c : the amorphous regions of a sample with higher crystallinity have a more restricted conformational mobility and then T g increases. This effect was discussed in more detail for PLLA elsewhere. 44 The increase of the specific heat capacity at the glass transition, DC p (T g ), is a measure of the amorphous fraction. As expected, we observed a decrease of DC p (T g ) with increasing immersion time. Moreover, the strong coupling between the crystalline and amorphous phases also results in a broadening of the glass transition, as typically seen in other semicrystalline polymers. 45, 46 Regarding the second scans of the samples (Fig. 4) , variations in the values of the glass transition temperature and/or the melting temperature would be expected to be measured by DSC if the molecular weight of the PLLA samples decreased significantly due to degradation. However, no significant differences were found in the second scans even when the scan of the sample that was not immersed is compared with the scan of the sample immersed for 30 days.
The DSC results can be related with the microhardness results presented in the Microhardness results section. For semicrystalline polymers the increase of H with annealing time at a constant annealing temperature has been explained in terms of crystallinity and crystalline lamellar thickness changes.
14 Typically, H suffers an increase when X c increases.
14 However, the obtained results (Figs. 3  and 5) show the opposite behavior. As crystallinity increases it could be expected a temporary increase in the mechanical properties, at least at the first stages of degradation. This could occur, if we were measuring the mechanical properties of the bulk, but, as discussed in the Microhardness results section, the microhardness measurements reflect the surface hardness that decreases because the degradation itself starts at the surface. Other effect that may also contribute to the decrease of surface hardness could be the water uptake, although it is known that PLLA is quite hydrophobic and the amount of water absorbed after 30 days should be low, 31 as our DSC results suggest. In fact, if a significant amount of water is absorbed by a material its T g will decrease due to the plasticizer effect of water. However, as previously mentioned, we did not find a decrease in T g with increasing immersion time (see Fig. 5 ).
The creep constant k obtained by microhardness measurements has been shown to depend on crystallization temperature and annealing effects.
14 Moreover, k is a measure of the creep rate and should decrease when the crystallinity of the sample increases.
14 Our results (Figs. 2 and 5) also show a decrease in k as X c increases.
CONCLUSIONS
The microhardness measurements conducted on PLLA plates immersed in SBF at 37.58C from 1 to 30 days allowed to make an in-vitro analysis of the surface mechanical properties of the samples. The main conclusions of this study are now summarized:
1. It was found that the measured microhardness was load dependent, both for immersed and nonimmersed samples. For a given load, microhardness decreased with increasing dwell time. The creep curves were characterized by a decreasing strain rate and successfully described by the power law H 5 H 0 t 2k . The creep constant k, a measure of the creep rate of the material, decreased as the immersion time increased. A high decrease in k was measured ($ 67%) after an immersion period of 30 days.
2. The microhardness decreased with increasing immersion time. After 30 days microhardness decreased $ 60%. These results provide evidences for a significant variation in the mechanical behavior that could affect the performance of an implanted PLLA-based biomaterial. This decrease was explained by hydrolytic degradation. 3. Microhardness was applied for characterizing the degradation of polylactide-based biomaterials. It was shown that this technique is an adequate method to monitor the mechanical properties at the surface of biomaterials that could be useful to predict the mechanical performance of an implant in contact with the tissue. 4. The main advantage of microhardness, when compared with other techniques that only measure the bulk properties, is that it measures the variations in the surface mechanical properties and these changes can be detected much earlier than with the aforementioned techniques when the sample degrades mainly by hydrolysis, because this process typically starts at the surface of the sample.
Regarding the DSC results the main feature was the significant increase in the crystallinity degree of PLLA from 9 to 37% after only 3 days of immersion in SBF. This degradation induced crystallization was explained in terms of a rearrangement of shorter chains generated by the hydrolytic scission of the ester links. The high crystallization rate was attributed mainly to the initially low crystallinity degree of PLLA. The increase of T g ($ 3.58C) after the sample being immersed was related with the corresponding increase in the crystallinity degree. Although the crystallinity degree increased with increasing degradation time, the opposite variation was found for microhardness, because this property is a measure of the surface mechanical properties of PLLA, which are getting poorer as the immersion time in SBF increases.
